Introduction We describe the imaging findings encountered in GBM patients receiving immune checkpoint blockade and assess the potential of quantitative MRI biomarkers to differentiate patients who derive therapeutic benefit from those who do not. Methods A retrospective analysis was performed on longitudinal MRIs obtained on recurrent GBM patients enrolled on clinical trials. Among 10 patients with analyzable data, bidirectional diameters were measured on contrast enhanced T1 (pGd-T1WI) and volumes of interest (VOI) representing measurable abnormality suggestive of tumor were selected on pGdT1WI (pGdT1 VOI), FLAIR-T2WI (FLAIR VOI), and ADC maps. Intermediate ADC (IADC) VOI represented voxels within the FLAIR VOI having ADC in the range of highly cellular tumor (0.7-1
Background
Glioblastoma (GBM) is the most common malignant primary brain tumor, with over 10,000 cases diagnosed in the USA each year [1] . Current gold-standard treatment with surgery, radiation, and chemotherapy has modestly improved 2 year survival but 5-year survival remains less than 10% [2] .
Immunotherapies comprise several promising novel strategies for GBM treatment. The use of blocking antibodies against cytotoxic T lymphocyte-associated protein 4 (CTLA4) and programmed cell death 1 protein (PD-1) to inhibit these immune checkpoints has shown benefit in other cancers [3, 4] and in orthotopic GBM models [5] [6] [7] . As immune checkpoint inhibitors enter clinical trials in recurrent as well as newly diagnosed GBM patients, there is an urgent need to understand the MRI changes induced by these agents in order to reliably assess the efficacy of these treatments [8] . Experience with anti-CTLA4 (ipilimumab) immunotherapy in non-CNS tumors has demonstrated different patterns of enhancing tumor change on MRI compared to patients undergoing conventional cytotoxic therapy [9] . Specifically, MRI scans from some patients demonstrate an early increase in enhancing tumor size or development of new enhancing lesions followed by stabilization or decrease in enhancing tumor size later in the course of therapy [10] .
Interpreting change in abnormality on conventional anatomic brain MRI contrast-enhanced T1 weighted imaging (pGd-T1WI) and Fluid Attenuated Inversion Recovery T2WI (FLAIR-T2WI) can be difficult because immunotherapeutics may produce an inflammatory response that leads to increased contrast enhancement and vasogenic edema. Such changes are referred to as Bpseudoprogression^and may be indistinguishable radiographically from true tumor progression with conventional imaging. Guidelines to continuation of immunotherapy among neuro-oncology patients with initial progressive imaging findings pending confirmation of progression on follow-up imaging have recently been published as the immunotherapy response assessment in neuro-oncology (iRANO) criteria [9] . These criteria represent consensus recommendations developed by a multidisciplinary panel of neuro-oncology experts to achieve consistency among clinicians confronted by these challenging imaging findings. In some patients suspected of having progression, brain biopsy or resection has been performed and histopathology findings consistent with treatment-induced inflammation have been observed [Reardon, unpublished data] . Other patients whose early clinical and/or imaging findings raise question of pseudo-progression may be observed with serial MRI during continuation of therapy for 6 months or more. Due to the morbidity, cost, and risk of brain biopsy and the short life expectancy of recurrent GBM patients, neither invasive sampling nor delayed surveillance follow-up is optimal. Early imaging biomarkers to reliably detect or predict response to immunotherapy are urgently needed to improve patient management and assessment of therapeutic efficacy.
Diffusion-weighted MRI (DWI) measurements of random thermal water motion can be used to characterize features of the microstructure of different tissues including tumor cellularity. Apparent diffusion coefficient (ADC) maps generated from DWI reveal significantly lower ADC in highly cellular tumor than in pseudoprogression [11, 12] . Lower ADC also has been shown to precede the development of new enhancing tumor on pGd-T1WI [13] . Also, ADC has been shown to correlate with tumor grade, cellularity, treatment efficacy, and clinical outcome in primary CNS lymphoma patients treated with immunochemotherapy [14] . Of note, very low ADC similar to that seen in infarction has been reported in necrosis, particularly in patients on angiogenesis inhibition therapy [19, 29] . As such, we hypothesize that changes in the volume of tissue with intermediate ADC suggestive of highly cellular tumor (IADC VOI) may help assess and/or predict response to immune checkpoint therapy.
Methods

Patients
Fifteen consecutive patients enrolled in ongoing clinical trials (NCT02017717; NCT02054806) of anti-PD1 therapy (nivolumab, Bristol-Myers Squibb, Princeton, NJ, USA; and pembrolizumab, Merck, Kenilworth, NJ, USA) with or without anti-CTLA4 therapy (ipilimumab, Bristol-Myers Squibb, Princeton, NJ, USA) were included in this analysis. All patients enrolled in these trials had a histologically confirmed recurrence of Grade IV malignant glioma after radiotherapy (RT) and temozolomide (TMZ) with at least one clearly defined measurable enhancing lesion according to response assessment in neuro-oncology (RANO) [15] criteria and no surgery or treatment in the 4 weeks prior to starting the trial. All patients were at least 3 months from any prior radiotherapy and none had received any previous immunotherapy or antiangiogenic therapy. None of the patients were on more than 4 mg of dexamethasone or an increasing dose of dexamethasone at the time of study enrollment. Patients on these trials were treated with standard dose levels of these agents every 2 weeks until progressive disease, unacceptable toxicity, or withdrawal of consent. Assessment of outcome was determined by the treating clinician for these trials.
Patients on trial <2 months at the time of analysis were excluded since too few MRI data points were available for analysis.
MRI acquisition
MR data acquired during trial on 1.5 or 3T scanners (HDx/ Excite/MR750w produced by GE Healthcare, Waukesha, WI; or Tim Aera/Trio/Verio/Skyra produced by Siemens Erlangen, Germany) was retrieved for analysis including axial FLAIR T2WI (TR/TE/TI = 8000-12,550/81-135/2000-2650 ms; slice thickness/gap 3-5/0-1 mm; matrix 256-384 × 244-288), axial spin echo precontrast and post-contrast T1WI (TR/TE = 400-706/2.5-17 ms; slice thickness/gap 3-5/0-1 mm; matrix 256-384 × 192-244), axial single shot spin echo echo-planar imaging DWI(TR/TE 6000-10,000/82-98 ms; b = 0,1000 s/mm 2 ; slice thickness/gap 5/1 mm; matrix 96-192 × 128-192) . ADC maps were calculated using the software supplied by the MRI system manufacturer. Scans that did not have all three sequences were excluded from the study.
Image post-processing and volume measurement
The last scan prior to initiation of study therapy was defined as the baseline. Scans were co-registered and resampled bilinearly to the baseline post-contrast T1WI using commercial image processing software (Mirada(R), version 17.0, Chicago, IL, USA). Rigid registration was applied initially. If a change in brain anatomy since baseline related to an increase or decrease in edema and/or the tumor rendered the rigid registration unsuccessful, deformable registration was applied. If deformable registration was also unsuccessful, the MRI data were excluded. Correctness of image registration at each time point was determined by visual inspection by a qualified neuroradiologist with 10 years of experience.
To eliminate hyperintensity from hemorrhage on postcontrast images and highlight contrast enhancement, precontrast T1WI were subtracted from post-contrast T1WI using a commercial image processing workstation (Hermes(R) Hybrid Viewer, Hermes Medical solutions, Stockholm, Sweden) [16] (Fig. 1a) . Detectably abnormal tissue was selected manually on each section by a neuroradiologist, and the area of abnormality was summed to create a volume of interest (VOI) representing the amount of abnormal tissue on subtracted contrast-enhanced T1WI (pGd-T1 VOI) and FLAIR T2WI (FLAIR VOI). The FLAIR VOI was then copied to the corresponding registered ADC maps. The volume of tissue within the FLAIR VOI having intermediate ADC in the range of 0.7-1.1 × 10 −3 mm 2 /s (IADC VOI) was included as a potential marker of solid tumor tissue [17] [18] [19] (Fig. 1b) . To minimize the effects of registration error between FLAIR T2WI and ADC, and reduce partial volume averaging effects on the ADC maps, pixels within 5 pixels of the boundary on each section were excluded.
The relative change in volume of abnormal tissue FLAIR T2WI, pGdT1WI, and ADC maps was calculated as percentage change from baseline. A volumetric change of ≥25% was classified as an increase or decrease. Volume changes of 0-25% were classified as stable. As per RANO [15] , percent change was used rather than absolute volumetric change in order to produce a metric of tumor growth that was comparable between patients with different amounts of detectable abnormality on baseline MRI [15] . When there is minimal or no detectable abnormality on the baseline MRI, this method artifactually amplifies small variations in tumor measurement. To compensate for this and to apply this to 3D volumetrics, we used a minimum volume of 1.0 cm 3 to define a measurable lesion (≥1.0 cm × 1.0 cm on axial images). We applied this threshold to all data types including ADC. In addition, we defined the minimum measurable change in volume as 1.0 cm 3 . When assessing change, calculated absolute volumes or change in volumes <1.0 cm 3 were disregarded. As per RANO criteria [15] , products of the perpendicular diameters of the lesions were determined on pGdT1WI. If there were multiple contrast-enhancing lesions, two largest lesions were measured, and the sum of the products was reported.
Analysis
Patients surviving on trial more than 5 months from the start of the clinical trial without unequivocal imaging, clinical, or histopathologic evidence of progression were classified as having received therapeutic benefit. Patients who experienced progression before 5 months on trial were deemed to not have received therapeutic benefit. Patients who underwent resection or biopsy during the trial because of imaging evidence of worsening edema and enhancement were classified as not having received significant benefit if the pathologic specimen revealed a predominance of active viable tumor, and as having received therapeutic benefit if the specimen revealed predominantly necrosis, inflammation, and/or other treatment-related effects. In order to assess potential confounding effects of corticosteroid dosing, steroid dose at the time of each MRI was recorded and temporally correlated with changes in MRI measures.
Results
Ten patients who met criteria for participation had analyzable data. Five patients achieved therapeutic benefit (Bbenefitĝ roup) from immunotherapy. All five of these patients remained on trial for more than 5 months, and one of these patients had pathological confirmation of inflammatory treatment effect with necrosis, macrophage, and inflammatory cell infiltration and immature regenerative blood vessels (Fig. 2) . Five patients were deemed not to have received therapeutic benefit from the treatment (Bno benefit^group). All of these patients had been removed from the trial for clinically worse symptoms, progressive imaging findings or underwent surgery with pathology revealing extensive viable tumor. As expected, patients in the benefit group received immunotherapy significantly longer (194 days on average) than those in the no benefit group (81 days) ( Table 1) . Patients 8, 9, and 10 continued to receive study therapy at the cutoff for this analysis.
Although IADC VOI transiently worsened in some patients, it ultimately decreased for all patients in the therapeutic benefit group (patients 6-10). In contrast, IADC VOI ultimately increased progressively in all patients in the no benefit group (patients 1-5) with measurable disease, regardless of changes in RANO measures, pGd-T1 VOI, FLAIR-VOI, or corticosteroid dosing. Volumetric IADC change seems to correlate better with treatment benefit than volumetric change in pGd-T1WI or FLAIR-T2WI, or change in 2D RANO cross product measurements. In IADC VOI and FLAIR VOI began to decrease from 0 to 175 days (93 ± 59 days) and 0 to 220 days (121 ± 71 days), respectively, after start of immunotherapy in the patients who received significant benefit (Table 1) .
Discussion
Introduction of temozolomide chemoradiation (TMZ-RT), angiogenesis inhibition (AI), and now immunotherapy (IT) have significantly reduced the usefulness of relying solely on the assessment of contrast enhancing tumor to predict response among malignant glioma patients. The RANO criteria for assessment of response in GBM is based on change in pGd-T1WI, similar to RECIST criteria in other cancers, with the addition of criteria for change on FLAIR-T2WI to account for the prominent nonenhancing component of many GBM tumors [20, 21] . TMZ-RT produces early abnormal enhancement and edema termed Bpseudoprogression^in roughly 20% of patients which represents a combination of necrosis, infarction, and inflammation that mimics tumor progression on pGd-T1WI and FLAIR-T2WI [22] . AI can suppress enhancement in solid tumor and edema in infiltrative tumor [23] . The effects of IT on MR markers of tumor progression remain to be fully defined but seem to include early increase in contrast enhancement and edema in animal models which are thought to represent immune-mediated inflammation and/or necrosis [24] .
A number of physiologic MRI techniques are under active investigation in an attempt to improve the accuracy of a b Fig.1 /s was applied inside the ROI. Volume measured from ADC map is the yellow region inside the ROI detection of tumor progression among malignant glioma patients, particularly with regard to patients who may have TMZ-RT pseudoprogression and AI pseudo-response. DWI, included in our study, is one of the most promising techniques. DWI allows semiquantitative estimation of the relative mixture of extracellular and intracellular/membrane-associated water in tissue by assaying the relative freedom of thermal movement of water. The high cellularity of malignant glial tumors should exert an opposite effect on average voxel ADC from the prominent extracellular edema expected with inflammation and the decreased cellularity expected with necrosis. Pretreatment ADC has been demonstrated to predict overall survival in high-grade glioma patients [25] and to determine true progression after tumor resection, TMZ-RT [11, 26] , or AI [27] [28] [29] . due to low cellularity vasogenic edema and necrosis from intermediate ADC, due to high cellularity tumor [30] . In addition to typical high ADC necrosis, an additional form of necrosis-sometimes referred to as Bgelatinous necrosis^-has been described, characterized by very low ADC in the area of necrosis [19, 29] . Often seen with angiogenesis inhibition, this gelatinous necrosis typically produces ADC much lower than the intermediate ADC of highly cellular glioma which persists for months before gradually resolving. In order to distinguish this low ADC necrosis from highly cellular tumor, we employed two thresholds in our ADC analysis: an upper threshold above which voxels were classified as high ADC, due to edema/necrosis and a lower threshold below which voxels were classified as low ADC, due to gelatinous necrosis. The optimal ADC thresholds for differentiation of low and high grade glioma have been reported to be in the range 0.6-1.1 × 10 −3 mm 2 /s in the literature when a single discriminatory threshold is employed [17, 18, 31] . We selected 1.1 × 10 −3 mm 2 /s as our high ADC threshold to separate cellular tumor from high ADC due to vasogenic edema/ infiltrative tumor edema and typical high ADC necrosis. Histologically proven gelatinous necrosis has been reported to have a very low ADC in the range of 0.593-0.637 × 10 − 3 mm 2 /s [19] . Therefore, we selected 0.7 × 10 −3 mm 2 /s as our low ADC threshold to differentiate cellular tumor from gelatinous necrosis. We chose to use this lower ADC threshold as well as the conventional upper ADC threshold because of the possibility that inflammation/ necrosis related to IT may cause low ADC necrosis, especially when combined with anti-angiogenic therapy. Although the resulting intermediate ADC volume (IADC VOI) may slightly decrease our sensitivity to detect cellular tumor, we believe that the overall accuracy will be improved by reducing erroneous classification of IT-induced necrosis as progressive tumor.
Applying these thresholds to brain MRI of recurrent GBM patients undergoing anti-PD1 ± anti-CTLA-4 treatment, we found that volumetric IADC VOI change (10/10 correct) over time seems to correlate better with treatment benefit than volumetric change in pGd-T1WI (7/10 correct) or FLAIR-T2WI (8/10 correct), and RANO measures (7/10 correct).
Patient 6 (Fig. 2 ) was determined to have progressive disease based on trial-mandated RANO criteria and underwent surgery on day 137. The pathology revealed only 10% tumor and a prominence of inflammatory infiltrate, which suggested that the patient was responding to the treatment, in accordance with the FLAIR VOI and IADC VOI change.
Increased corticosteroid dosing can decrease the permeability of tumor blood vessels leading to a decrease in measured volume of enhancing tumor and nonenhancing infiltrative tumoredema which may confound assessment of response [32, 33] . Because of this, we recorded the daily steroid dose prior to Table 1 Change in imaging markers including pGdT1WI RANO measures, FLAIR T2 VOI, pGd T1 VOI, and IADC VOI during immunotherapy Decadron dosing, RANO measurements, and volume change in ADC, Post-Gd T1, and FLAIR VOI are in supplemental Table S1 TP/TN true positive/negative, imaging markers match clinical outcome in Bbenefit/no benefit^group, FP/FN false positive/negative, imaging markers do not match clinical outcome in Bbenefit/no benefit^group *Pt 1 had 2 surgeries, performed on 90 and 119 days after immunotherapy respectively. No anti-PD1 was given after surgery 1 ** Patients who continue to receive study therapy at the cutoff for this analysis and the reported time on trial represents only the time from start of trial to date of analysis + Lesion defined as nonmeasurable disease by RANO and our adapted criteria initiating immune checkpoint therapy and at the time of each MRI. We then assessed for correlation between the change in steroid dose and the change of pGd-T1 VOI, FLAIR VOI, and IADC VOI (supplemental Table S1 ). Most patients (n = 7) did not increase their daily decadron dose while on study therapy.
Among those who received an increased daily dose, only one patient who achieved significant benefit had an increment of increase greater than 3 mg: patient #7 who underwent a brief trial of higher decadron dosing as discussed below. In sum, although our analysis is limited by our small sample size, no Table 1 ). On the graph, green highlighted letters indicate dates of Nivolumab(N) and Ipilumumab (I) dosing. The brown highlighted numbers indicate the decadron dose (mg/day). ADC volume begin to decrease between day 120 ∼ 175. Corresponding MRI images illustrated below include pGd-T1WI axial and sagittal images in the top two rows, FLAIR-T2WI in the third row, and ADC in the bottom row. The sagittal images with the selected VOI shown in red are included to illustrate that pGd enhancing tumor volume decreases from day 42-84 and increases from day 120-175 although this is not as apparent on the axial sections due to the unusual shape of the tumor consistent trend suggesting a substantial confounding steroid dosing effect was observed, but we cannot completely exclude the possibility of a confounding correlation. Further analysis in future larger datasets should help to clarify this issue. Interpretation of imaging in patient 7 is complicated by change in steroid dosing with a significant increase in decadron dose on day 155 (see supplemental Table S1 ).
Corticosteroids act to decrease blood-brain barrier permeability which likely contributes to the volumetric decrease in abnormality on FLAIR-T2WI and pGd T1WI. Table 1 ). On the graph, green highlighted letters indicate dates of Nivolumab (N). The brown highlighted numbers indicate the decadron dose (mg/day). Corresponding MRI images illustrated below include pGd-T1WI (upper), FLAIR-T2WI (middle), and ADC (lower) panels. b Representative no clinical benefit patient demonstrating utility of ADC in setting of increasing corticosteroid dose (patient # 2 from Table 1 ). On the graph, the green highlighted letters indicate dates of Nivolumab (N). The brown highlighted numbers indicate the decadron dose (mg/day).
Corresponding MRI images illustrated below include pGd-T1WI (upper), FLAIR-T2WI (middle), and ADC (lower) panels. The large increase in decadron dose on day 83 likely accounts for the substantial decrease in volume of abnormal enhancement on pGd T1 and edema on FLAIR T2WI, despite worsening clinical status. Although steroids may increase the rate of growth of the abnormal ADC volume, this continuing ADC volume increase is likely in large part due to tumor growth and helps to distinguish this steroid induced Bpseudoresponse^from true therapeutic improvement in which abnormal ADC volume decreases significant an effect on ADC. The relative insensitivity of IADC tumor volume to steroid dosing is supported by our clinical experience as illustrated by the images of patient #2 (Fig. 4b) . Subsequent imaging of patient #7 after completion of the trial on day #155 supports the interpretation that the imaging improvement represents in large part therapeutic benefit rather than simply steroid effect: By day 190 (45 days after the trial ended), corticosteroid dose had been decreased to half the day 155 dose, but IADC VOI and FLAIR VOI continued to decrease and pGdT1 VOI increased only slightly.
Our preliminary data derived from anti-PD1 treatment of recurrent GBM suggest that all three volumes can increase for the first 0 ∼ 6 months even in patients who ultimately derive significant benefit. Although early increase in IADC-VOI has been demonstrated to correlate with worse response and survival in patients treated with XRT and chemoradiation [34] , it does not seem to predict progression in anti-PD1 immunotherapy patients, at least in the first 6 months. Several possible explanations for this include (a) that immunotherapy may have a delayed onset of cytotoxic effect leading to continued growth of cellular tumor over several months and (b) that immunotherapy may initially produce an inflammatory cell swelling and macrophage and other inflammatory cell infiltration that decreases ADC. Further investigation in animal models is needed as well as analysis of a larger sample of IT patients. In addition, this initial apparent worsening of MRI abnormality in all patients raises the possibility that some patients who discontinued treatment early might have benefitted if they had remained on treatment longer. The use of anti-PD1 IT combined with angiogenesis inhibition to reduce the effects of IT-induced inflammation may help shed light on this possibility. Also of note, all three patients who received combined anti-PD1 and anti-CTLA4 drugs were in the benefit group with a survival of at least 8 months (244-320 days) from the start of immunotherapy, and two out of three patients continue on therapy at the time data were analyzed for this report. Whether this reflects improved tolerance of the therapy, improved efficacy or both warrant further investigation. 
Conclusions
Preliminary data from advanced MRI assessment suggests that increase in volume of abnormal tissue with contrast enhancement, edema, and intermediate ADC occurs in most patients during the initial months of anti-PD1 ± anti-CTLA-4 immunotherapy. Among patients who appear to achieve therapeutic benefit, subsequent improvement in these MRI markers was observed. Our findings suggest that volumetric change in IADC VOI may correlate better with therapeutic benefit than RANO criteria measures, pGdT1WI volumetrics, or FLAIR-T2WI volumetrics. Further investigation in animal models and analysis of a larger human trial dataset is indicated to confirm these findings, to more precisely define the relevant time course of this early immunotherapy-induced pseudoprogression and to investigate underlying mechanisms.
